To assess the relationship between serum C3 or C4 levels and lupus renal flare, C3 and C4 levels were measured bimonthly in 71 lupus nephritis patients for a mean of 35 months, during which time 70 renal flares were identified. Comparing baseline, pre-flare, and at-flare values indicated that neither C3 nor C4 levels decreased pre-flare, but both decreased on average significantly at flare. However, sensitivity/specificity for C3 (75%/71%) and C4 (48%/71%) were low. To account for other influencing factors, multiple regression was performed that included bimonthly values of C-reactive protein (CRP) and erythrocyte sedimentation rate (ESR), and genotype data on C3 (S/F), CRP (1846G > A), and the complement regulator factor H (Y402H). This analysis revealed that reduced levels of C4, but not C3, were independently associated with the two-month pre-flare period. Conversely, reduced levels of C3, but not C4, were independently associated with the flare visit. Significant pro-flare interactions included low C3 levels with the factor H 402HH-encoding genotype, and low CRP levels with the C3 F allele. Together these data suggest that C4 activation is critical for initiating renal flare while C3 activation is involved in the actual tissue damage, and that these effects are influenced by genetic variability in complement activation and regulation.
Introduction
Clinical renal disease is manifested in about 40-50% of all systemic lupus erythematosus (SLE) patients (lupus nephritis), and is associated with significant morbidity and a poor prognosis. Patients experiencing spikes in their renal disease activity (renal flares) risk permanent tissue damage, and generally have a worse prognosis. 1 Although therapies exist to effectively treat renal flares, these therapies are themselves toxic. Unfortunately, despite the negative impact that renal flares have on SLE management, the pathogenesis of renal flare remains unclear, and there are no known forecasters of an impending renal flare.
Complement activation is thought to be involved in the tissue damage associated with SLE flare. 2 Studies to determine whether changes in plasma levels of complement C3 and C4 can serve as biomarkers of SLE flare have reported conflicting results. [3] [4] [5] [6] [7] [8] [9] Why these results conflict is unclear. One possible explanation may relate to study design, as they have been either cross-sectional or based on a few irregular longitudinal measurements biased around flare, with data analyzed against indices of disease activity. No study has assessed complement measurements at regular (unbiased) and frequent intervals leading up to flare to rigorously test the true role of C3 or C4 as biomarkers of flare.
Another explanation may concern individual differences in the complement system, where genetic variation in complement activation proteins and complement regulators, affecting both expression levels and function, could have an influence on the role of complement in the pathogenesis of flare. In support of this, there is a growing recognition for a role for genetic variation in complement regulators in a number of pathologies involving the complement system. 10 The goal of the present study was to critically evaluate whether decreases in serum C3 or C4 protein levels could either forecast or mark a renal flare, or be informative about the pathogenesis of renal flare.Over 1000 serial measurements of serum C3 and C4 levels were made at regular bimonthly intervals in 71 lupus nephritis patients over an average of 35 months, during which time 70 renal flares were identified. These measurements were analyzed in a univariate fashion as well as through multiple regression analysis incorporating other variables of inflammation and complement activation/regulation. The variables included a polymorphism in the complement control protein, factor H (FH), that influences its ability to interact with C-reactive protein (CRP) in controlling complement activation at tissue sites, 11, 12 a CRP polymorphism that affects constitutive CRP plasma levels, 13 and a common C3 polymorphism with currently no consensus physiological relevance. 14 
Materials and methods

Patient population
This study, conducted in accordance with the Declaration of Helsinki, involved 71 lupus nephritis patients (biopsy-verified) enrolled in the Ohio SLE Study (OSS) after informed consent was obtained. Each patient was followed every 2 months for a minimum of 4 consecutive months and an average of 34.6 months (median ¼ 38), with >90% visit compliance. At each study visit, an extensive clinical evaluation and laboratory clinical tests were performed, including serum C3, C4, and CRP levels, and erythrocyte sedimentation rate (ESR).
Clinical measurements
Bimonthly measurements of C3, C4, CRP, and ESR were performed at the University Reference Laboratories at The Ohio State University Hospital Systems. Nephelometry was used for C3, C4, and CRP, while an automated assessment of sedimentation rate was used for ESR. The University Reference Laboratories normal range for C3 is 80-178 mg/dl, for C4 is 12-42 mg/dl, for CRP is 0.0-3.0 mg/l, and for ESR is 0-14 mm/h for males under 50 years old, 0-19 mm/h for females under 50 years old, 0-19 for males between 50 and 80 years old, and 0-29 mm/h for females between 50 and 80 years old.
Adjudication and classification of SLE renal flare
After all clinical results were compiled from each study visit, SLE renal flares were identified using pre-specified criteria as we have previously reported in detail. [15] [16] [17] [18] [19] These criteria are based on changes in serum creatinine or proteinuria that were attributable to SLE. At least 4 months had to elapse after the previous flare before another flare could be declared, unless there was an increase in flare severity. If an SLE flare occurred during the time between two consecutive visits, for accounting purposes, the flare was assigned to the more recent study visit. A total of 70 renal flares were identified.
Determination of C3, CRP, and FH genotypes
The genotypes for the C3 S/F polymorphism 14 and the CRP nucleotide 1846G > A polymorphism 13 were determined by standard restriction length fragment polymorphism (RFLP) assays, using genomic DNA isolated from peripheral blood leukocytes. The FH amino acid Y402H polymorphism 11, 20 was genotyped using the polymerase chain reaction (PCR) pyrosequencing in a PSQ TM 96MA System (Pyrosequencing Uppsala, Sweden) 21 using a similar to method to that described previously 22 (primer sequences are available upon request). The results of the C3 and CRP genotyping were analyzed as homozygous wildtype or minor allele carrier due to low minor allele frequency. The FH polymorphism was analyzed as genotypes.
Performance of C3 and C4 alone in the diagnosis or forecast of renal flare
To test the relationship between serum levels of C3 or C4 and renal flare, two approaches were taken. First, an initial screen was done using only moderate-to-severe flares that had no confounding flares occurring in the months before and after flare (n ¼ 33). For these, mean baseline values were compared to 2 months prior to and at flare, using a repeated measures analysis of variance (ANOVA). This was followed by a more extensive analysis using all 70 renal flares where the bimonthly complement values were used to calculate false positive and negative rates for C3 and C4 at or 2 months before renal flare. The false negative rate was determined as: (number of normal values at or 2 months before flare)/(total number of renal flares). The false positive rate was defined as (number of abnormal values at non-flare)/(total number of non-flare measurements). To avoid confounding the false positive data, C3 and C4 values were not used from any visits within 4 months before or after any flare (renal or non-renal) of any severity. The sensitivity, specificity, and positive and negative predictive values of C3 and C4 were calculated from the false positive and false negative rates for concurrent and future renal flare. In addition, receiver-operating characteristic (ROC) curves were generated to determine whether diagnostic utility could be improved using different definitions of the lower limit of normal (LLN).
Performance of C3 and C4 in combination with other variables in the diagnosis or forecast of renal flare
To clarify the relationship of C3 and C4 consumption with SLE renal flare, a multivariate analysis was performed. This allowed us to take into account other variables (predictors) that might strengthen C3 and C4 as clinical biomarkers. Two general categories were selected for inclusion as predictors. First, because C3 and C4 are both acute phase proteins, two other measurements of acute phase reactivity, namely CRP and ESR, were included. Second, genotypic variation in the C3 gene and in genes for proteins involved in C3 regulation (CRP and factor H) were measured and included in the analysis. Finally, age was included because we previously showed this to be a predictor of SLE renal flare. 19 The multivariate analysis was done using stepwise multiple logistic regression in the generalized estimating equation (GEE) framework, as we have reported previously. 19 In brief, to identify markers of concurrent renal flare, the predictors analyzed were every bimonthly level of C3, C4, ESR, and CRP, the age of the patient, the polymorphism data for C3 (SS or F carrier), CRP (1846GG or A carrier), and FH (402-YY, -YH, or -HH). The responses were 'renal flare-yes' (70 events) or 'renal flare-no' (>1000 events) at the time of the office visit. The same approach and predictors were used to identify forecasters of renal flare, except the bimonthly predictors were those measured the previous 2 months, and excluded the values measured at the time of flare.
To identify main effectors of renal flare, univariate analyses were performed for each predictor. Those surviving at a p-value < 0.25 were included as predictors in the multiple regression models. Predictors with a p-value > 0.1 were discarded, and the multivariate analysis was repeated until only predictors with p < 0.05 remained. Those remaining were included in a second round of stepwise regression in which interactions between C3 or CRP and the three genotypes were tested as predictors of renal flare. The levels of significance for those variables identified as main effectors or as interaction effectors were taken from the final step of the interaction analysis. Prediction equations derived from these analyses were used to construct risk curves to quantify the effects of changes in the significant effectors on risk for flare.
Results
Performance of C3 and C4 individually in the diagnosis or forecast of renal flare
In the initial assessment of 33 moderate-to-severe renal flares, both C3 and C4 fell significantly at flare, compared with baseline ( Figure 1A ). C4 also showed a tendency to decline below baseline 2 months before flare, but this did not reach significance (p ¼ 0.06). However, when C3 and C4 levels were examined over time for individual patients, the response was less predictable ( Figure 1B and C). While approximately two-thirds of the patients showed a fall in C3 and C4 at flare compared with baseline, the flare values did not dip below the LLN established by the hospital laboratory in several cases. In addition, in some cases, the baseline values were already below the LLN, and at flare declined further. Finally, about one-third of the patients did not show a fall in C3 or C4, and some of these showed an increase at flare.
Given this individual variability, the false positive and negative rates for C3 and C4 decline at flare were calculated for all 70 renal flares. As shown in Table 1 , both complement components had high false positive and negative rates. Sensitivity, specificity, and positive predictive values were correspondingly low. ROC curves were generated for C3 and C4, and showed area under the curve values of 0.74 and 0.65, respectively ( Figure 2 ). The optimal LLN of C3 (81 mg/dl) and C4 (11 mg/dl) determined from these ROC curves were not markedly different than the established values of the clinical laboratory (C3 ¼ 80 mg/dl; C4 ¼ 12 mg/dl), and did little to improve sensitivity or specificity of C3 (sensitivity/specificity 75%/71%) or C4 (sensitivity/specificity 48%/71%).
Generation of a multivariate model for the diagnosis or forecast of renal flare
Given the lack of sensitivity and specificity of C3 and C4 as individual clinical biomarkers, a multivariate approach incorporating C3, C4, and other relevant clinical and genetic variables was undertaken. These multiple regression analyses were run to identify both forecasters of flare (changes that occurred 2 months prior to flare), and markers of flare (changes that occurred at the time of flare). For the forecaster analysis ( to the forecaster analysis where lower C4 was a significant effector renal flare, the marker analysis identified lower C3 as a significant effector of renal flare (p < 0.001). In addition, an interaction was identified between C3 levels and FH genotype (p ¼ 0.016).
Prediction equations and risk curves for C4 and C3
Risk curves were generated for C4 and C3 from prediction equations that resulted from the multivariate analyses. For C4 as a forecaster of flare, four curves were constructed, one for each genotype combination (C3SS wildtype or F allele carrier, CRP 1846GG wildtype or 1846A allele carrier) ( Figure 3A) . These curves assumed constant values for the other main effectors, set as the average no-flare values for the OSS cohort (ESR ¼ 27.7, CRP level ¼ 7.98, age ¼ 36). The scale of the X-axis was arbitrarily based on the middle 90% values of C4 levels in the OSS cohort during no-flare visits (3-33 mg/dl). As shown, the overall risk for flare in wildtype C3SS patients increased with decreasing C4 levels 2 months prior to flare. Risk estimates were higher in patients with the wildtype genotypes (C3SS, CRP 1846GG), and were greatest in those who were both C3SS and 1846GG. The impact of C4 as a forecaster of renal flare was reduced by more than half in CRP 1846A allele carriers, and was negligible in C3F allele carriers. The risk ratio for the median C4 value measured 2 months prior to flare (11.5 mg/dl) and the median no-flare value (16.0 mg/dl) in all C3SS patients was 1.2. For C3 as a marker of renal flare, six risk curves were drawn based on the FH and CRP genotypes identified as significant, and the same constant values of ESR and age as above ( Figure 3B ). The scale of the X-axis was based on the middle 90% values of C3 levels in the OSS cohort during noflare visits (54-146 mg/dl). As can be seen, patients with the wildtype CRP 1846GG genotype experienced higher overall risk for renal flare as C3 decreased, similar to what was seen in Figure 3A . The effect of decreasing C3 levels on risk for renal flare was also influenced by the FH genotype. In particular, the risk for flare increased the most for patients with the FH 402HH genotype (7% frequency), with a risk ratio for the median C3 value measured at flare (70 mg/dl) and the median no-flare value (93.0 mg/dl) of 8.0.
Discussion
The current investigation utilized the resources of the Ohio SLE Study, which is a longitudinal study designed to identify forecasters, markers, and causal factors in the pathogenesis of SLE flare through regular bimonthly follow-up of a large cohort of recurrently active SLE patients. Thus, this study provided an opportunity to rigorously assess the temporal relationship between changes in circulating C3 and C4 levels and the onset of lupus nephritis flare. The results of this study indicate that isolated single measurements of C3 and C4 are weak clinical tools in terms of marking a concurrent flare, and cannot forecast an impending flare. Combining serial C3 and C4 measurements with other variables related to inflammation and complement regulation in a multivariate analysis did not provide a much better clinical tool. However, this analysis did offer novel insights into the role of complement and the pathogenesis of renal flare. First and foremost was the finding that lower C4 levels, but not C3 levels, significantly forecasted a renal flare. These observations suggest that the events that trigger renal flare in this immune complex disease involve classical pathway activation at least 2 months before clinical manifestation of the renal flare. In contrast, the finding that lower C3 levels significantly marked a renal flare in the absence of lower C4 levels suggests that the actual tissue damage that is manifested clinically as a renal flare involves amplified C3 activation, and thus predominantly the alternative pathway. Although this postulate remains to be confirmed through serial measurements of other complement proteins (e.g. factor B or Ba plasma levels), this is not unexpected in light of studies showing that deleting either the factor B gene 23 or the factor D gene 24 of the alternative pathway significantly reduced the degree of renal injury in the MRL/lpr murine lupus model. The inclusion of other variables in the multivariate analysis provides additional insights into renal flare pathogenesis. The finding that an increased ESR is both an independent forecaster and marker of renal flare suggests that inflammatory processes, possibly driven by classical pathway (C4) activation, are also set in motion at least 2 months prior to clinical manifestations of the renal flare. In contrast to ESR, CRP levels did not increase prior to or at flare. This finding is in agreement with other reports showing a lack of correlation between changes in CRP and SLE disease activity. 25, 26 The relationship between CRP levels and flare was not influenced by the CRP genotype that affects constitutive CRP expression (1846G > A).
The lack of an increase in CRP at the time of increased ESR suggests that there are other mechanisms that are influencing CRP levels just before and at the time of flare. One mechanism could involve anti-CRP antibodies. These have been reported in 70% of a small SLE cohort, and the anti-CRP levels increase with increased disease activity, 27 which could counter any concurrent increase in CRP expression at the time of renal flare. Other mechanisms could relate to the involvement of CRP in the pathogenesis of renal flare. This involvement might be as a clearance protein for apoptotic or cellular debris 28, 29 that could arise as a consequence of renal flare. CRP could also be involved in flare pathogenesis through a complicated interaction with the complement system, in which CRP can activate the classical pathway 30, 31 as well as facilitate complement regulation by binding and targeting the complement regulator FH to sites of tissue damage. 32 Inclusion of the CRP polymorphism that affects constitutive CRP expression (1846G > A) in the analysis provides some insight into these relationships. The wildtype 1846G allele has been reported to be associated with higher CRP levels, and with protection against SLE onset presumably through enhance clearance of apoptotic debris. 13 Our finding that the higher expressing genotype (1846GG) is an independent effector of renal flare, both as a forecaster and marker, suggests that the effect of constitutively high CRP expression on flare pathogenesis in established SLE is different from its effect on the onset of SLE. More specifically, this suggests that CRP may be driving tissue damage through activation of the classical pathway to an extent that supersedes the protective effects of CRP due to FHmediated complement regulation or clearance of apoptotic debris. As such, higher CRP levels would likely contribute to C4 consumption as renal flare is being triggered. Interestingly in this regard, the CRP 1846GG genotype is more significant as a forecaster of renal flare (p ¼ 0.004) than as a marker of renal flare (p ¼ 0.023).
This study also measured the impact of variation in complement regulation by including in the multivariate analysis the FH Y402H polymorphism. The 402-H allotype is associated with age-related macular degeneration (AMD), 20, 33, 34 presumably due in part to its reduced binding to CRP, leading to less-efficient regulation of C3 activation at damaged cell surfaces. 12, 35 Here we show that the role of low C3 as a marker of renal flare is influenced by the Y402H polymorphism. Specifically, compared with 402-YY and 402-YH, the genotype encoding 402-HH is associated with the highest increase in flare risk as C3 levels drop from the median no-flare level ( Figure 3B ). This suggests that as C3 activation accelerates during increased disease activity, inefficient regulation of C3 at renal tissue surfaces leads to significant tissue damage. Thus, lupus renal flare appears to be, in addition to AMD, another pathology involving complement activation that is influenced by the FH Y402H polymorphism. Of interest, many other FH polymorphisms have been found to be associated with AMD, including a haplotype involving deletion of the FH-related genes 1 and 3 that appear to protect against AMD, 36 and at least 12 other newly discovered FH single nucleotide polymorphisms that associate with AMD. 37 However, these occur in relatively low frequency in the general population, and their roles in lupus nephritis flare were not investigated in the present study.
The C3 gene has a common polymorphism that affects its charge, with the basic form (S allele) being more frequent than the acidic form (F allele). The physiological consequence of this polymorphism is unclear, though studies have reported the F allele being associated with diseases such as IgA nephropathy, 38 systemic vasculitis, 39 and recently AMD. 40, 41 The present study found that the C3 S/F polymorphism alone is not a main effector of renal flare. However, an interaction between the C3 S/F polymorphism and CRP levels were identified as a forecaster of flare, in which a lower CRP level is an effector of renal flare in the presence of at least one C3 F allele. This finding contrasts with our observation that constitutive high expression of CRP (the 1846GG genotype) alone is a main effector of renal flare. The fact that the pro-flare effect of lower CRP levels requires the C3 F allele suggests that, in the balance between CRP-mediated complement activation and CRP/ FH-mediated C3 regulation, discussed above, regulation predominates if the C3 F allotype is present (18% of the study cohort). This scenario, where the combination of reduced tissue-localized complement regulation (lower CRP levels) and the presence of the C3 F allele increased the risk for renal flare, is similar to a report that the combination of the 402H allele with the C3 F allele (along with a third risk allele) increased the risk for AMD. 42 Thus, this is another example where similarity exists between lupus renal flare and AMD with regards to variability in both complement activation and regulation. It should be noted that the present study did not assess the interaction between the FH Y402H and the C3 S/F polymorphisms, as this would have resulted in unacceptably small samples sizes.
In conclusion, using unbiased sample collection through regular and frequent patient follow-up, the current study demonstrates the poor clinical utility of serial serum C3 or C4 measurements alone to forecast or identify an SLE renal flare. Analyzing these variables together along with other related covariates reveals both the complexity by which complement activation and its regulation contribute to the development of renal flare, and how this varies from patient to patient. A further understanding of the role of complement in lupus nephritis flare in individual patients will require an expansion of this multivariate approach, with additional complement-related variables. One such variable is the gene copy number variation (CNV) and associated polymorphisms of complement C4, where individual gene copy numbers range from 0 (null) to 7 in a diploid genome among different individuals. 43 C4 CNV is one of the major factors in determining the plasma or serum levels of C4. 44, 45 Low copy number of C4A is a common genetic risk factor for SLE onset. 46 We are currently investigating CNVs of complement C4A and C4B in modifying the disease progression and flare of SLE.
